The uneven distribution of Alu repetitive elements in the human genome is related to specific functional properties of genomic regions. We report the identification of a locus associated with human longevity in one of the chromosomal regions with the highest density of Alu elements, in 1p35. The locus, corresponding to a (TG)n microsatellite in the YTHDF2 gene, was identified by characterizing an ''anonymous'' marker detectable through interAlu fingerprinting, which previously evidenced an increased homozygosity in centenarians. After genotyping 412 participants of different ages, including 137 centenarians, we confirmed the increased homozygosity in centenarians at this locus, and observed a concomitantly increased frequency of the most frequent allele and the corresponding homozygous genotype. Remarkably, the same genotype was associated with increased YTHDF2 messenger RNA levels in immortalized lymphocytes. Finally, YTHDF2 messenger RNA resulted to be mainly expressed in testis and placenta. The data suggest a possible role of this locus in human longevity.
H
UMAN longevity is considered a complex trait influenced by many environmental and genetic factors. The genetics of human longevity has been addressed by association studies on well-characterized candidate genes (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) as well as by studies aimed to discover new longevity genes through the cloning of genes differently expressed in centenarians (13) or through large scale genome scanning (14) , as in the case of the European Union Genetics of Healthy Aging (GEHA) project (15) . We also explored a different approach, designed to screen multiple loci in peculiar genomic regions particularly rich in Alu sequences (16) . These repetitive elements of 300 bp represent, with more than one million copies, the most abundant human SINEs (Short Interspersed Nuclear Elements), i.e., nonautonomous retrotransposons transcribed by RNA polymerase III. Alu repetitive elements are present on all human chromosomes, but a great variability in their density and genomic distribution has been observed (17) . It is interesting to note that Alu-rich genomic regions are considered to be potentially unstable, in germline as well as in somatic cells, due to unequal recombination events (18) (19) (20) . Moreover, Alu density positively correlates with gene density (21) and, more specifically, these repetitive elements are found to be highly clustered near genes involved in metabolism, transport, and signaling processes (22) . Genes contained in Alurich regions could also be hypothesized to have a peculiar sensitivity to epigenetic regulation, given that Alu elements are much more rich in potential methylation sites compared to non-Alu human genomic DNA, and their methylation status is likely to have an influence on the methylation of surrounding regions (18, 23) . On the whole, Alu distribution appears to be associated with specific functional properties of genomic regions (21) .
In our previous work (16), we set up an Alu-based DNA fingerprinting method which, using Alu-specific primers (inter-Alu polymerase chain reaction [PCR] ), allowed us to preferentially scan multiple genomic regions characterized by high Alu density and to detect genetic markers of ''anonymous'' loci putatively associated with human longevity. The inherent assumption of such a method is that it amplifies DNA fragments located between two closely spaced (usually no more than 1 kb) Alu sequences with opposite orientation, a situation which occurs most frequently in Alu-rich genomic regions.
The aims of the present work were the following: (i) to identify and characterize the genomic locus corresponding to the ''anonymous'' QM-376-400 inter-Alu marker, previously reported to show an increased homozygosity in centenarians (16) ; (ii) to assess the existence of a genotypelongevity association at this locus in a new, independent set of very old participants (centenarians) and younger controls; and (iii) to collect preliminary information about the functional role of the genetic variants of this locus eventually associated with longevity.
METHODS

DNA and Complementary DNA Samples and B Lymphocyte Immortalization
The present study was approved by the Ethical Committee of the Italian National Research Center on Aging (INRCA). Blood was collected by venipuncture after an informed consent form describing the project and its purpose had been explained to and signed by each recruited participant. Blood samples were obtained from a total of 412 unrelated participants born and resident in Italy, belonging to two age groups: 275 controls (age 17-65 years, mean age 41 years; 152 men, 123 women) and 137 long-lived individuals (age 99-109 years, mean age 101 years; 26 men, 111 women), herein indicated as centenarians. The centenarians admitted to this study were in relatively good condition for their very advanced age, even if some of them had decreased visual and auditory acuity. They did not have any major age-related diseases (severe cognitive or physical impairment, clinically evident cancer, or renal insufficiency) and belonged to category A and B of the centenarian health status classification (24) . The younger control participants admitted to the study were free of any overt disease. DNA was extracted from blood samples following standard procedures. Peripheral blood mononuclear cells were obtained from 51 of the former samples, 16 young controls (mean age 36 years; 8 men, 8 women) and 35 centenarians (mean age 101 years; 4 men, 31 women). Peripheral blood mononuclear cell isolation, culture, and B-lymphocyte immortalization were performed as previously described (25) . After the immortalization, the medium was substituted every 3 days and cells were harvested and frozen in liquid nitrogen 2 months later. For the analysis of YTHDF2 messenger RNA (mRNA) expression in different tissues, the ''Human MTC Panel I'' and ''Human MTC Panel II'' (BD Biosciences Clontech, Palo Alto, CA) were used. They consist of panels of first-strand complementary DNA (cDNA) preparations from different tissues and/or organs, pooled from different individuals. The detailed origin of each sample was the following: heart, pooled from 8 male/female Caucasians, age 25-59 years; brain (whole), from 2 male Caucasians, ages 43 and 55 years; placenta, from 7 Caucasians, ages 22-35 years; lung, from 2 female Caucasians, ages 24 and 32 years; liver, from 4 male/female Caucasians, ages 44-50 years; skeletal muscle, from 8 male/female Caucasians, ages 29-60 years; kidney, from 6 male/female Caucasians, ages 28-52 years; pancreas, from 20 male/female Caucasians, ages 25-59 years; spleen, from 11 male/female Caucasians, ages 24-70 years; thymus, from 18 male/female Caucasians, ages 15-32 years; prostate, from 32 Caucasians, ages 21-50 years; testis, from 45 Caucasians, ages 14-64 years; ovary, from 5 Caucasians, ages 20-28 years; small intestine without mucosal lining, from 32 male/female Caucasians, ages 15-57 years; colon with mucosal lining, from 20 male/ female Caucasians, ages 17-76 years; and leukocyte, peripheral blood, from 550 male/female Caucasians, ages 18-40 years.
Isolation of the Inter-Alu PCR Product, Cloning, and Sequencing Analysis A genomic DNA sample was used as a template for an inter-Alu PCR, performed using the same conditions described in a previous article (16) . Briefly, the conditions of the PCR assay were the following: primers R12A/267 labeled with tetrachlorofluorescein (TET), and R14B/264 labeled with 6-carboxyfluorescein (6-FAM); total reaction volume 50 ll, genomic DNA template 100 ng; 27 PCR cycles of 948C denaturation, 508C annealing, 728C extension. Capillary electrophoresis (ABI/Prism 310; Applied Biosystems, Foster City, CA) evidenced, in the resulting inter-Alu pattern, the presence of a 384 bp fragment corresponding to an allele of the QM 376-400 polymorphism. An aliquot of the PCR product was subjected to electrophoresis on a 1.5% agarose gel: The gel slice corresponding to an estimated length of 350-400 bp was cut, and the DNA was eluted and analyzed through capillary electrophoresis to confirm the presence and purity of the 384 bp fragment. An aliquot (0.1 ll) of the eluted DNA was used for a second cycle of PCR-gel electrophoresis-elution, aimed to increase the quantity of the specific PCR product. The purified DNA fragment was cloned in pPCR-Script plasmid and used to transform XL10-gold ultracompetent cells (Stratagene, La Jolla, CA). Cells were plated on LuriaBertani agar plates containing S-gal (Sigma-Aldrich, St. Louis, MO), isopropyl b-D-thiogalactopyranoside (IPTG), and ampicillin for black-white color screening of recombinants; recombinant colonies were cultured in Luria-Bertani broth, and plasmidic DNA was extracted using the ''miniprep'' method (26) . Plasmidic DNA extracted from 31 recombinant clones was used as the template for a PCR with R12A/267 and R14B/264 primers (same conditions previously indicated). Amplification products were digested with different restriction enzymes (NlaIII, AlwI, MspI, BstuI, DdeI, MseI, BstnI, and MnlI; provided by Celbio, Milano, Italy) and analyzed through agarose gel electrophoresis: The resulting restriction patterns were compared with the pattern generated by the same enzymes on an aliquot (4 lg) of the 384 bp DNA fragment used for the cloning. Four clones had DNA inserts of correct length (checked by capillary electrophoresis) and restriction pattern, and were selected for the sequencing. Sequencing reactions were conducted on 300 ng of plasmidic DNA from each selected clone and with M13 primer (59-TGTAAAACGACGGCCAGT-39), a ''BigDye terminator reaction kit'' (Applied Biosystems), and a 9700 thermal cycler (Applied Biosystems). Sequencing products were analyzed on an Abi/Prism 310 Genetic Analyzer (Applied Biosystems).
Analysis of Alu Density and Gene Density
The genomic sequences cited in this paragraph (and the corresponding chromosomal positions) are referred to as the Human July 2003-hg16 assembly, available at the UCSC Web site. The detailed analysis of repetitive element composition of the genomic sequence corresponding to the QM376-400 DNA fragment and to the surrounding portion of the YTHDF2 fourth intron (chr. 1: 28,773,429-28,775,861) was performed using the Censor program (27) and the Repbase database of repetitive elements (28 
Reverse Transcription and Real-Time PCR
The total RNA of immortalized lymphocytes derived from 51 participants (35 centenarians and 16 young individuals) was reverse transcribed with M-MLV reverse transcriptase (Ambion, Austin, TX). The cDNA was analyzed using a semiquantitative real-time PCR to assess the expression of the YTHDF2 gene relative to the housekeeping gene ACTB. PCR was performed on the iCycler (Bio-Rad, Hercules, CA), using SYBR Green (Bio-Rad) as a fluorescent dye for the real-time detection. Primers for YTHDF2 cDNA were HR1 (59-ACCTTACTTGAGTCCACAGG-39) and HR2 (59-AGCCAATGGAGGGACTGTAG-39), respectively complementary to sequences situated in the second and third exon of the gene, and designed using Primer3 software (30) . Primers for b-actin reverse transcription (RT)-PCR were F.B.Act. (59-GCGAGAAGATGACCCA-GATC-39) and R.B.Act. (59-GGATAGCACAGCCTGGA-TAG-39). PCR mixes for both RT-PCRs had a final volume of 20 ll, and were composed of 1 X buffer Sybr Green Supermix (Bio-Rad), primers (0.6 lM HR1 and HR2 for YTHDF2 RT-PCR; 0.15 lM F.B.Act. and R.B.Act. for beta-actin RT-PCR), and 2 ll of cDNA (derived from 40 ng of total RNA) from immortalized lymphocytes. Each sample was assayed in duplicate. The specificity of the PCR amplification was checked with a heat dissociation protocol after the final cycle. Two nanograms of cDNA samples derived from 16 human adult tissues (MTC Panel I and MTC Panel II) were analyzed using the conditions previously described for YTHDF2 and ACTB real-time PCR assay; the assay for a second housekeeping gene (GAPD) was added for a more reliable normalization of the results. Primers for GAPD were 59-TGAAGGTCGGAGTCAACGGATTTGGT-39 and 59-CATGTGGGCCATGAGGTCCACCAC-39 (BD Biosciences Clontech); amplification conditions were: primers 0.044 lM; cycles 958C for 30 seconds, 668C for 30 seconds, and 688C for 110 seconds. The linearity and the efficiency of the PCR amplification obtained with each primer set were checked in each assay, analyzing standard curves generated using increasing amounts of a standard cDNA (a mix of different samples) and plotting Ct values versus logarithms of cDNA concentration.
A comparative Ct (threshold cycle) method was used to determine gene expression (31, 32) . In the real-time PCR assay on cDNA obtained from immortalized lymphocytes, the relative abundance of YTHDF2 cDNA versus the cDNA of the housekeeping gene ACTB was expressed as [(cDNA)YTHDF2/(cDNA)ACTB] ratio of each sample, normalized by the [(cDNA)YTHDF2/(cDNA)ACTB] ratio of a control sample (calibrator). The normalized ratio was calculated taking into account the different PCR efficiencies for target and reference amplification (32) . For cDNA samples from human tissues (MTC Panels I and II), two housekeeping genes were used: ACTB and GAPD. For each tissue obtained, two different values for YTHDF2 expression were normalized against ACTB or GAPD, respectively: YTHDF2 expression normalized against that of the two housekeeping genes was given by the geometric mean of the two values in each sample (33) . Intra-assay and inter-assay coefficients of variation were 16.1% and 24.4%, calculated repeating some samples in the same assay and in different assays, respectively.
Statistical Analysis
Statistical analysis was performed using procedures implemented in the Statistical Product and Service Solution package (SPSS, Chicago, IL). A one-way analysis of variance was used to assay the association of genotype classes and YTHDF2 relative mRNA levels. The test was applied on log-transformed relative expression data, which presented a normal distribution. Monte-Carlo chi-square and Fisher's Exact Tests were applied to test the differences in genotype and allele frequency distributions between age classes, and to test the differences between observed and expected homozygosity and/or heterozygosity and genotype distribution in the two age classes. Proportion of expected (under Hardy-Weinberg conditions) homozygotes and heterozygotes in each age group were, respectively, calculated as P (p i ) 2 
RESULTS
Cloning and Sequencing
An inter-Alu PCR product corresponding to an allele of the QM376-400 polymorphism and having an estimated length of 384 bp was isolated and cloned. The DNA inserts from four clones showed a restriction pattern identical to that of the DNA fragment used for the cloning, and were sequenced. The DNA fragments had an identical sequence (GenBank accession no. CL526225), with an effective length of 382 bp and containing a TG microsatellite with 16 repeats. A BLAST (Basic Local Alignment Search Tool) search against the human genome revealed that this sequence corresponds to a portion of the fourth intron of the YTHDF2 gene, on chromosome 1p35.3 (but with a different number of TG repeats: 16 in our sequence, 22 in the UCSC human reference sequence). The repeat element composition of the sequence corresponding to the QM376-400 fragment and to the surrounding portion of YTHDF2 fourth intron (chr. 1: 28,773,429-28,775,861), was analyzed using the Censor program (27) and the Repbase database of repetitive elements (28) . As expected, the cloned QM376-400 fragment is flanked by two Alu sequences positioned in inverted orientation: an Alu Sx of 302 bp, and an Alu Y of 278 bp. The tail of Alu Y is followed by the (TG)n microsatellite. The remaining part of the sequence is constituted by a 290 bp portion of a MER element (medium reiterated frequency repeat) (34, 35) that, based on the comparison with the Repbase database of repetitive elements (28) , is a Golem-B/MER7B type DNA nonautonomous transposon. The region surrounding the locus is almost entirely constituted, for roughly 2.5 kb, by three fragments of a MER transposon separated by intervening Alu elements. The reciprocal positions of these repetitive elements could be explained assuming that, in the evolutionary history of the locus, an ancient MER transposon became the target for successive insertions of new Alu elements.
Alu Content and Gene Content of the Genomic Region
Alu density of a wide genomic region including YTHDF2 gene (chr. 1: 27,500,001-30,100,000) was calculated in 100 kb intervals. The results showed that the gene is included in a 1.6 Mb region (Figure 1 , chr. 1: 27,600,001-29,200,000) with a very high Alu density (ranging from 27% to 51%). This 1.6 Mb Alu-rich domain is also characterized by a high gene density, resulting in 61.4% of it being made up of exons and introns (the genomic average is 34.3%), with relatively short intergenic sequences. In particular, the 500 kb region (chr. 1: 28,517,396-29,017,396) surrounding YTHDF2 contains nine different protein coding genes (CHC1, SECP43, AF277181, MGC45806, TAF12, GMEB1, YTHDF2, OPRD1, EPB41), most of which are putatively involved in signal transduction, gene expression regulation, and cell division. To evaluate if the high Alu density observed in this genomic region had to be considered exceptional in the context of the whole genome, Alu density was calculated in nonoverlapping 1 Mb windows on each chromosome. The portion of chromosome 1 including YTHDF2 (chr. 1: 28,000,000-28,999,999) resulted among the only four genomic regions of this length (or longer) with an Alu density above 40% (the others are chr. 7: 73,000,000-74,999,999, chr. 19: 10,000,000-10,999,999, and chr. 19: 17,000,000-17,999,999, on 7q11.23, 19p13.2, and 19p13.11, respectively). These four genomic regions with very high Alu density represent only 0.17% of the genome, whereas the large majority (about two thirds) of the genome has an Alu content at least four times lower, below 12% (Figure 2 ).
YTHDF2 Gene
The YTHDF2 gene codes for a protein of 579 residues (Swiss-Prot accession no. Q9Y5A9; synonyms: high glucose regulated protein 8; NY-REN-2 antigen; chronic lymphocytic leukemia-associated antigen . A BLAST analysis, conducted comparing the YTHDF2 mRNA reference sequence (GenBank accession no. NM_016258) with the human genome sequence, revealed that the YTHDF2 gene spans about 32 kilobases and is composed of five exons. Extensive analysis conducted on publicly available genomic databases and using sequence analysis tools and, in particular, a BLAST search (http:// www.ncbi.nlm.nih.gov/BLAST) and Clustal W multialignment (http://www.ebi.ac.uk/clustalw), evidenced that YTHDF2 belongs to a gene family that also includes YTHDF1 on chromosome 20 and YTHDF3 on chromosome 8. In fact, the three genes share a structure composed of five exons of similar length, and high similarity at cDNA and protein sequence level (data not shown). The search in the Protein Family Database showed the presence of a YTH domain (36) in the protein sequences (in position 457-547 on the YTHDF2 protein). Consequently, given that these three genes were previously lacking an official nomenclature, we proposed to the Human Genome Organization (HUGO) Gene Nomenclature Committee the above reported gene names (''YTHDF1, YTH domain family 1''; ''YTHDF2, YTH domain family 2''; and ''YTHDF3, YTH domain family 3'') as official symbols and names, and this proposal was accepted. A protein-translated sequence ''tblastn'' analysis (available at http://www.ncbi.nlm.nih.gov/BLAST) conducted on public databases collecting cDNA and protein sequences from different organisms revealed that the protein sequence coded by the YTHDF2 gene is highly conserved in vertebrates. In fact, the human YTHDF2 protein contains a stretch of 546 residues (nearly the whole protein) which is virtually identical (similarity 99.7%) to the homologous sequence of mouse (translated protein sequence corresponding to GenBank no. BAC28785), and a stretch of 518 amino acids which shares a very high degree (89.8%) of conserved positions with a similar protein (translated protein sequence corresponding to GenBank no. AAH47846) of zebrafish.
Characterization of the YTHDF2 Intron 4 (TG)12-27 Polymorphism
The identity between the previously described inter-Alu QM376-400 polymorphism (16) and the polymorphism found in the intron 4 of the YTHDF2 gene was confirmed by performing a PCR assay specific for the YTHDF2 intron 4 (TG)n microsatellite locus, on 20 DNA samples previously analyzed by means of inter-Alu PCR. In fact, the obtained amplification products showed a length variability exactly matching that of the inter-Alu QM376-400 polymorphism (data not shown). Subsequently, a set of 412 novel DNA samples, belonging to two age groups (137 centenarians and 275 control participants), was genotyped using the YTHDF2 intron 4-specific PCR assay. In the whole set of samples, a total number of 13 different alleles was observed, ranging from 199 to 229 bp (Table 1 ). All the alleles differed from each other by 2 or by a multiple of 2 base pairs. Direct sequencing of different alleles demonstrated that the length variation is produced by the variable number of repeats in the (TG)n microsatellite, ranging from 12 to 27 (Table 1) . A reference sequence of the ''16'' allele (16 repeats, 207 bp) has been deposited in GenBank (accession no. AY626263), and the polymorphism has been submitted to the SNP database at GenBank (accession no. rs28969505).
Homozygosity, Allele Distribution, and Genotype Distribution in the Two Age Groups
The frequency of homozygous individuals was analyzed in the two age groups composed of 137 centenarians and 275 control participants, and resulted to be significantly higher in the long-lived group with respect to the control group (Table 2) . Within each age group, homozygosity and heterozygosity were not significantly different from those expected under Hardy-Weinberg equilibrium (Table 2) .
To better understand the meaning of the homozygosity increase observed in centenarians (see Discussion), the distributions of the most common alleles and genotypes (i.e., alleles and genotypes whose frequencies were higher than 10% in either centenarians or young participants) were also compared in the two age groups; all other alleles and genotypes were respectively grouped together. A statistically significant difference ( p ¼ .014) emerged when the frequency of the most common alleles were compared between young participants and centenarians (Table 3 ). In particular, an increase of the ''15'' allele was evident in centenarians, balanced by a decreased frequency of the category composed of the less common alleles. The frequency of the most common genotypes (Table 4) was also different between the two age classes, albeit with a marginal statistical significance ( p ¼ .047). In particular, the frequency of the most common genotype (''15-15'') was nearly doubled in the group of centenarians compared to young participants. Also, the odds ratio of the ''15-15'' genotype resulted to be significant (odds ratio ¼ 2.186, Table 4 ), when the most abundant category (the class of less frequent genotypes) was used as the reference category.
An analysis performed to test for possible gender differences regarding the frequency of the ''15'' allele and the ''15-15'' genotype in centenarians gave negative results. Taking into account that the number of male centenarians was relatively low (n ¼ 26), this analysis was repeated using the results from the genotyping of an additional 17 samples of male centenarians recently recruited following identical inclusion criteria, thus reaching a total number of 43 male centenarians. Even after such an increase, we did not observe any significant difference between male and female centenarians as far as the frequency of the ''15'' allele and of the ''15-15'' genotype is concerned (data not shown). Such a result, even if does not rule out the possibility that a gender difference might emerge in a much larger number of centenarians and controls, suggests that it is unlikely.
YTHDF2 mRNA Abundance in Immortalized Lymphocytes
The relative mRNA expression levels between the YTHDF2 gene and the housekeeping gene beta-actin (ACTB) were assayed in immortalized lymphocytes by means of real-time PCR. A significant association was evident between YTHDF2 mRNA relative expression and YTHDF2 genotype. In particular, lymphocytes with the ''15-15'' genotype showed a more-than-doubled average relative expression of YTHDF2 mRNA with respect to that observed in lymphocytes carrying other genotypes ( Figure  3) 
YTHDF2 mRNA Abundance in Human Tissues
The mRNA expression level of the YTHDF2 gene, normalized against two housekeeping genes (ACTB and GAPD), was determined in 16 different human tissues. YTHDF2 resulted to be expressed in all tissues examined, but its mRNA level showed important variations. In particular, the highest relative expression was observed in testis, followed by placenta and pancreas; the relative YTHDF2 mRNA expression in testis was 7-fold to 8-fold higher than in small intestine, skeletal muscle, and heart, and 3-fold to 5-fold higher than in the majority of other tissues (Figure 4) .
Additional data about the expression profile of the YTHDF2 gene have been obtained by checking the ESTs Notes: *Genotypes with frequencies higher than 10% in either centenarians or young participants are listed, whereas all other genotypes are grouped together and used as the reference category for odds ratio calculations. **p values refer to the Pearson chi-square tests comparing the reference category ''Other genotypes'' with ''15-15'' or with ''15-16'' genotypes, respectively. For the global Pearson chi-square test comparing the three genotype categories in young subjects vs centenarians, p ¼ .047.
of this gene present in the public databases. In particular, Table 5 refers to data accessible through the UniGene section of GenBank (http://www.ncbi.nlm.nih.gov), and lists the number of transcripts associated with the YTHDF2 gene, derived from different organs. The organ with the highest relative number of YTHDF2 transcripts present in the database is testis (179 YTHDF2 transcripts per million ESTs from this organ), but a relatively high number of YTHDF2 ESTs is also associated with skin (165 transcripts per million), whereas the other organs are associated with a lower number of ESTs (from 135 to 34 per million). Additionally (not reported in Table 5 ), the relative number of YTHDF2 ESTs is higher in embryo (112 transcripts per million, i.e., 69/615,270) than in adult (61 transcripts per million, i.e., 62/1,001,530).
DISCUSSION
The results of this study indicate that a (TG)n microsatellite polymorphism in the fourth intron of the YTHDF2 gene is associated with human longevity. This polymorphic microsatellite was identified through the characterization of the ''anonymous'' inter-Alu marker ''QM376-400,'' which in our previous study (16) showed an increased homozygosity in centenarians. In the present study, a PCR assay specific for the YTHDF2 intron 4 (TG)12-27 locus (GenBank rs28969505) was applied on a novel and independent set of 412 Italian individuals, and the results confirmed, at this locus, a significantly increased homozygosity in centenarians compared to younger controls. Considering the whole set of data from the two studies, the association of longevity and homozygosity at YTHDF2 (TG)12-27 locus is currently sustained by the results obtained on a total sample of 581 Italian individuals, ranging from 17 to 109 years of age, including 206 centenarians. It is interesting to note that, in the present study, the level of homozygosity did not show deviations from the expected (under Hardy-Weinberg equilibrium) homozygosity in both age groups. This observation suggests that it is unlikely that the increased homozygosity in centenarians results from a selection in favor of homozygotes, which would have presumably caused a deviation from the expected homozygosity, according to HardyWeinberg equilibrium. An alternative explanation is that the increased homozygosity at YTHDF2 intron 4 polymorphic locus might result as a consequence of a shift towards the most abundant alleles. Indeed, for any multiallelic system, the expected homozygosity is low when the frequency of each allele is similar, and tends to increase when some alleles became highly prevalent. In fact, the frequency comparison of the most abundant alleles in the two age groups confirmed the ''more uneven'' allele frequency distribution in centenarians, and in particular showed an evident increase of the ''15'' allele, the most frequent one, and an overall decrease of the less abundant alleles (alleles with frequency lower than 10% in both age groups). Even when the distribution of the most abundant genotypes was analyzed, a significant difference was observed between the two age groups. In particular, odds ratios indicate that carriers of the ''15-15'' genotype had a doubled chance to become centenarians in comparison with carriers of the less abundant genotypes, i.e., genotypes with frequency less than 10% in both age groups, which on the whole constitute the prevalent genotypic class. These results indicate that, in the Italian population, individuals carrying the most abundant allele (the ''15''allele) or the corresponding homozygous genotype at YTHDF2 (TG)12-27 locus may have a selective advantage, and an increased probability to reach extremely advanced ages. It is important to note that, differently from what observed in many studies on longevity-associated loci (24, (37) (38) (39) , the data here presented do not suggest any gender-specific association for this locus.
To search for possible functional characteristics of the longevity-associated variants of this polymorphism, we analyzed the expression of the YTHDF2 gene in cells having different genotypes. In particular we assessed, by relative quantitative real-time PCR, the YTHDF2 mRNA level in cultured cell lines derived from 10 individuals having the ''15-15'' genotype, and from 41 individuals having different genotypes. Cell lines were Epstein-Barr Virus-immortalized B lymphocytes, which have been proved to be a reliable model in correlating genotype and gene expression (25, 40) . The results showed that cell lines with the ''15-15'' genotype have, on average, more than two times higher levels of YTHDF2 mRNA expression in comparison with cell lines with other genotypes. This finding suggests the presence of different functional variants of the YTHDF2 gene, where the ''15'' allele is probably associated with a variant characterized by a higher expression level, at least in the described experimental conditions. These data are compatible with the hypothesis that the alleles at this locus could be in linkage disequilibrium with still unidentified genetic variants in the promoter or in other regulatory sites, but a direct influence of YTHDF2 (TG)12-27 polymorphism itself on gene transcription can not be excluded. Indeed, it is not uncommon to find enhancers and regulatory sites in introns, and polymorphic microsatellites can influence gene expression by modifying the distance between specific regulatory sites (41), or by inducing the DNA to assume left-handed helical structures (Z-DNA) (42, 43) .
The possible positive effects of high expression of the YTHDF2 gene on longevity, suggested by the high expression level associated with the genetic variant increased in centenarians, are at present unknown, and the available data on this gene are scant. The protein sequence of the gene is highly conserved across vertebrates, suggesting a basic biological function. It contains a YTH domain (for YT521-B homology) (44) , typical of RNAbinding nuclear proteins which regulate alternative splicing (36) . YTH is a 100-to 150-residue domain present in the mammalian pre-mRNA splicing factor YT521-B (44) . This domain is predicted to have a mixed alpha-helix-beta-sheet fold, with four alpha-helices and six beta-strands; the conservation of aromatic residues in the beta-sheets is similar to the RNA recognition motif (RRM) domain, and its predicted biological function is to bind to RNA (36) . In two different studies, the gene product of YTHDF2 was shown to be a tumor-associated antigen eliciting high-titer immunoglobulin G antibody responses in cancer patients, and described as renal cell carcinoma-associated ''NY-REN-2 antigen'' (45) and as chronic lymphocytic leukemiaassociated ''KW-14'' antigen (46) . In both studies, the mRNA of the YTHDF2 gene was found to be expressed also in normal tissues, but no quantitative data were reported. We quantitatively evaluated YTHDF2 mRNA expression in 16 different human tissues; the gene resulted to be expressed in all the examined samples, but with variable expression levels and with highest expression in the testis. The relative YTHDF2 mRNA expression in this tissue was 7-fold to 8-fold higher than in small intestine, skeletal muscle, and heart, and 3-fold to 5-fold higher than in the majority of other tissues. A relatively high expression level was also found in placenta. The analysis of the public EST database supports the observation of highest expression in testis. A possible role of the YTHDF2 gene in both fertility and longevity would represent an intriguing hypothesis. In fact, the inverse correlation of longevity and reproductive success is a fundamental assumption of the disposable soma theory (47) (48) (49) : This prediction has been confirmed in model systems (50) , and positive evidence in humans has also been reported (51) . The trade-off between fertility and longevity often seems to imply genes involved in carbohydrate homeostasis (52) (53) (54) (55) . In this regard, it is interesting to note that the YTHDF2 gene is reported to be regulated by high glucose concentration (see GenBank accession no. AF192968). Thus, it could be worthwhile to test the hypothesis of a possible role of YTHDF2 in the insulin/ insulin-like growth factor I signaling pathway.
The concomitance, outlined for YTHDF2 by the existing data, of the above described peculiar expression pattern in normal tissues, and of an antigenic activity in cancer cells, is typical of a class of genes mainly regulated by epigenetic modifications, the so-called ''cancer-testis antigens'' (CT antigens) (56, 57) . They are a heterogeneous group of proteins, presumably involved in cell-cycle regulation or transcriptional control (58) , present as antigens in various cancer cells, and predominantly expressed in testis, placenta, and/or ovary. CT genes are often highly expressed in pancreas (59) , which noticeably was the third sample showing a relatively high YTHDF2 expression in our RT-PCR assay.
Other clues to understand the association between YTHDF2 intron 4 microsatellite polymorphism and longevity can be inferred by the genomic background surrounding the locus. The portion of the 1p35 chromosomal region around YTHDF2 is rich with genes (mostly involved in signal transduction, gene expression regulation, and cell division); the possibility of a linkage disequilibrium between the considered (TG)n microsatellite and other functional polymorphisms in nearby genes should be carefully tested in future studies. Finally, it is important to remark that this locus lies in a genomic region with rare and atypical features. This polymorphism was originally identified through the analysis of ''anonymous'' inter-Alu sequences much shorter than the 3 kb average (60) genomic inter-Alu distance, and the reasonable expectation was to find it located in a genomic region with higher than average Alu density. Indeed this locus is situated in a wide Alu-rich domain (1.6 Mb), and the 1 Mb region containing the YTHDF2 gene is the portion of chromosome 1 with the highest content of Alu elements (.40% of the sequence in this chromosomal region). In the whole genome, such a high Alu density is present in only four regions (of 1 Mb or more) which account for the 0.17% of the human genome, whereas two thirds of the genome show an Alu content about four times lower. This peculiarity in the genomic composition might affect the expression of YTHDF2 and other genes in the region, rendering it sensitive to Alu-induced epigenetic effects (18, 23) . Moreover, the very high Alu density could induce genomic instability, in germline as well as in somatic cells, due to unequal recombination events (18) (19) (20) . Indeed, 1p35 has been described as one of the chromosomal sites most often involved in genomic instability in a variety of malignancies (61) (62) (63) .
Conclusion
This is the first study which provides evidences of an association of a new gene, i.e., YTHDF2, with human longevity. This gene has several and unexpected peculiarities which are of potential interest, and in particular its chromosomal context constituted by one of the regions with the highest content of Alu sequences, its high expression in reproductive organs and in highly proliferating tissues, and its possible involvement in glucose metabolism. Future studies should check the possibility that YTHDF2 is a cellcycle regulator gene widely subjected to epigenetic regulation and dysregulation, in a chromosomal region potentially susceptible to epigenetic modification during life, as well as the possibility of an involvement in the insulin-like growth factor I/insulin signalling pathway and in the trade-off between longevity and fertility.
